ABSTRACT. We present photoluminescence (PL) spectroscopy measurements of single-layer MoSe 2 as a function of uniform uniaxial strain. A simple clamping and bending method is described that allows for application of uniaxial strain to layered, 2D materials with strains up to 1.1% without slippage.
INTRODUCTION
While bulk semiconductors are quite brittle and typically break under strains larger than 1%, twodimensional (2D) semiconductors can withstand deformations one order of magnitude larger before rupture. 1 This large breaking strength has increased the interest in controlling the electrical and optical properties of atomically thin semiconductors by strain engineering. In the past few years many theoretical works have been devoted to the study of the role of strain on the electronic properties of semiconducting transition metal dichalcogenides. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Very recently, experimental works employing uniform uniaxial, uniform biaxial, and local uniaxial deformations have determined the role of mechanical strain on the electronic properties of atomically thin MoS 2 and WSe 2 but the strain tunability of other members of the dichalcogenides family remains unexplored. [13] [14] [15] [16] [17] Here we employ photoluminescence (PL) spectroscopy to probe the changes in the electronic band structure of atomically thin MoSe 2 by uniaxial strain. Through a simple clamping and bending technique, we measure reproducible strains in MoSe 2 up to 1.1%. Additionally, we directly compare the photoluminescence spectra of MoSe 2 to that of MoS 2 to show that the narrow photoluminescence peak (smaller full width half maximum) allows for higher accuracy in determining small changes in strain.
Upon uniform application of strain, we find that the energy of the direct band gap transition reduces linearly with strain by -27 ± 2 meV per percent of strain for single-layer MoSe 2 . We carry out densityfunctional calculations to further support our experimental findings. By taking into account the Poisson's ratio of the underlying substrate, we calculate a band gap shift of -32 meV per percent of strain.
SAMPLE FABRICATION AND BENDING APPARATUS
Slippage of the flakes during the straining/relaxing cycles is a well-known problem in uniaxial straining experiments on 2D materials that severely affects the reproducibility of the results. In conventional substrate bending experiments on graphene or MoS 2 , strain levels of ~1% can be reliably achieved without suffering from slippage. Clamping the flake to the substrate with deposited metal electrodes has proven to be an effective method to solve the slippage issue to a great extent. In fact, Conley et al. have shown reliable uniaxial straining of MoS 2 up to 2.2% by evaporating metallic bars onto the flake. 15 However, this method typically requires extra steps of cleanroom fabrication. If a shadow mask is employed instead of lithography, a careful alignment of the mask is still needed.
In this work we fabricate single-layer MoSe 2 samples by mechanical exfoliation of bulk crystals onto a thin polydimethylsiloxane (PDMS) substrate ( Fig. 1(a) ). Subsequently, the face of the PDMS substrate containing thin flakes is gently placed, face-down, onto a flexible polycarbonate substrate, sandwiching the flakes between the two layers. Special care is taken to place the small PDMS film on the central part of the polycarbonate strip to prevent built-in strain before measurements and for an accurate determination of the applied strain. The PDMS film acts as a clamp to secure the flake during straining. The polycarbonate substrate is then loaded into a custom made, two-point bending apparatus shown in 
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RESULTS
Figure 2(a) shows PL spectra measured on monolayer MoSe 2 and MoS 2 flakes for direct comparison at strain levels of 0% and 1%. The spectra acquired for the relaxed MoSe 2 and MoS 2 samples (red curves in Figure 2 (a) and inset of 2(a), respectively) agree with those reported in the literature. [19] [20] [21] [22] Specifically, the prominent peak at 662 nm (782 nm), determined from a Lorentzian fit, corresponds to a direct transition at the K point, giving an optical band gap of 1.59 eV (1.87 eV) for MoSe 2 (MoS 2 ). [19] [20] [21] [22] It can be seen that PL peak for MoS 2 (FWHM of 46 nm) is much broader than that of the MoSe 2 peak (FWHM of 22 nm). Upon increasingly higher uniaxial strain of 1% the PL peaks shift towards lower energy (red shift). As the exciton binding energy in transition metal dichalcogenides is expected to be nearly independent of the uniaxial strain 23 this shift of the PL emission can be directly correlated with a reduction of the band gap in the monolayer flakes. While the shift in the PL peak for MoSe 2 is quite clear, shifting more than one FWHM, that for MoS 2 is relatively smaller compared with the width of the peak. This suggests MoSe 2 as a superior material in strain applications where precise measurements of small variations in strain are required.
In order to verify that slippage is not affecting the measurements, we subjected a characteristic single layer MoSe 2 device to several straining/relaxing cycles. Figure 2 (b) shows the peak center, from a fit, for the MoSe 2 flake for repeated cycles of straining and relaxing. The PL emission reproducibly shifts from ~782 nm a uniaxial tensile strain of 0% to higher wavelengths for strains of 0.7%, 0.9%, and 1.1%.
Between each cycle, the PL emission peak always comes back to the same value indicating that the flake does not slip during the measurement. By repeating this measurement at increasingly high strain levels, we determine the threshold strain value before slippage starts to play an important role. We have found that for strains higher than 1.1 % these measurements are not reproducible anymore and thus we are limited to a range of strains below this threshold.
We now turn to the change in the band gap of single-layer MoSe 2 for given strains up to 1.1% using the described bending apparatus. Figure 3(a) shows the shifts in the PL emission peak for a single-layer MoSe 2 flake for progressively increasing strain levels. The PL emission steadily shifts toward lower energies, indicating a reduction of the band gap for higher strains. Figure 3(b) shows the change in the band gap energy for two devices. Device 1 corresponds to the PL spectra in Figure 3 (a). The change in the band gap per % of strain is extracted from the slope of a linear fit to the data for both devices. We measure a change of -27 ± 2 meV in the bad gap energy per percent strain. While reported values for the band gap change in MoS 2 are higher (~45 meV) 15 , as pointed out earlier, the peak widths are broader making small variations in strain difficult to resolve.
We have employed Density-Functional Theory (DFT) to calculate the band structure of monolayer MoSe 2 at different strain levels (see Materials and Methods for details). Figure 3(c) shows the band structure for single-layer MoSe 2 . We calculate a band gap of 1.35 eV including spin-orbit coupling. This value, lower than our experimentally measured value of 1.58 eV, is expected as the PBE functional is well known to underestimate the band gap energy. However, our comparative conclusions of the strained systems hold, as the band gap underestimation due to the PBE functional is the same in all cases studied here. 
CONCLUSION
In summary, we have observed a red-shift of the PL emission of single-layer MoSe 2 subjected to uniform uniaxial tensile strain, corresponding to a strain modulation of the bad gap. A simple technique is described to clamp the single-layer flakes to a bendable polycarbonate substrate and apply reproducible strains up to 1.1% without flake slippage. We find that the PL peak of MoSe 2 is much sharper than MoS 2 suggesting that the material would be better suited for applications of precise band- 
MATERIALS AND METHODS
Synthesis and characterization:
Bulk MoSe 2 material was grown by the vapor phase transport method. 25 X-ray diffraction was performed to confirm the 2H-polytype of the MoSe 2 single cyrstals. 21 Raman spectroscopy (not shown) and photoluminescence measurements were performed (Renishaw in via) in a backscattering configuration excited with a visible laser light (λ = 514 nm). Spectra were collected through a 100× objective and recorded with a 1800 lines mm −1 grating providing a spectral resolution of ∼1 cm −1 . To avoid laser-induced heating and ablation of the samples, all spectra were recorded at low power levels P∼500 μW and short integration times (∼1 s). Photoluminescence measurements however require longer integration times (∼60-180 s).
Calculations: All calculations were carried out using density-functional theory (DFT) with the PBE 1. Mono-bilayer spectra Figure S1 (a) shows an optical transmission image of the same flake as described in the main text. The monolayer and bilayer locations of the flake are indicated. The spectra for each region can be seen in Figure S1 (b). The monolayer PL intensity is much larger than the bilayer region, as expected. 
Uniform strain estimation
Strains (ϵ) are calculated given the thickness (t) of the substrate and the radius of curvature (R) of the substrate while strained, ϵ = t/2R. The radius of curvature can be simply estimated given an optical image of the strained substrate, such as those in Figure S2(b-d) . For more efficient calculation of the strain, given a simple measureable quantity (the distance between the movable plateaus) we wrote a script that uses the bisection method to calculate the radius of curvature given the chord length (from tip to tip) of the substrate arc. The chord length is measured using calipers to measure the distance between the plateaus (See Figure 1(c) of the main text) . Figure S2 Figure S3 shows the calculated band gap (ZORA and with spin-orbit coupling, ZORA + SOC, see Materials and Methods of the main text). For the armchair and zigzag directions the band gap changes by -47 and -48 meV per percent of strain, respectively (black and red curves in Figure S3 ). For biaxial strain the band gap changes by -87 meV per percent of strain (green curves in Figure S3 ). When we take into account the Poisson's ratio of the substrate of 0.37 % for 1% strain, the band gap trend is much shallower, showing a band gap change of -32 meV per percent of strain, in agreement with our experimental strain results. 
Band gap change with strain (DFT calculations)
